Abstract: Methadone has a long history of pain relief and successful substitute for maintenance treatment in heroin and narcotic addiction. The aim of the study was to assess the trends of methadone-associated deaths in Tehran, Iran, in 2009, from a forensic toxicology point of view. All methadone-associated deaths during this 7-year study period were evaluated according to demographic parameters and forensic toxicology analysis results. Results showed that 1274 cases of methadone-associated deaths were investigated during the study period. The incidence rate of methadone-associated deaths had risen 7.7 times in 2015 in comparison with 2009 (p < 0.05). The majority of cases were men (90.35%), aged from 20 to 40 years. About 80% of cases had shown positive results for other drugs and poisons in combination with methadone. Methamphetamine and tramadol were the most drugs detected in post-mortem samples. Death rates among methadone users in Tehran, Iran, increased year by year during 2009-2015. These findings raise the attention to the concomitant use of drugs with the need for changes in regulation and regulatory policy to restrict access and use of controlled drugs.
Methadone is a synthetic opioid that is used for the treatment of chronic pain and as a long-acting substitute in drug rehabilitation programmes to suppress withdrawal symptoms and reduction in opioid use [1, 2] . Since the early years of 2000, drug policymakers in Iran have established several harm reduction programmes. One of the important programmes was methadone maintenance treatment (MMT). The Ministry of Health and Medical Education, National Center for Addiction Studies, Iran, established a MMT protocol in 2006 [3] . Methadone is one of the drugs recommended by the World Health Organization (WHO) as an effective substitute for reducing heroin use [4] . Due to the pharmacological properties of this drug and long elimination half-life, it is necessary to calculate its dose for each individual with respect to the patient's tolerance towards opiates [5] . Despite evidence supporting advantages of methadone as a substitute for heroin in a MMT programme, methadone itself can cause drug-related deaths even in small doses [6, 7] . Methadone-involved deaths maybe as a cause of illicitly obtained methadone used to achieve euphoric effects, or methadone use in combination with other central nervous system (CNS) depressants such as benzodiazepines, opiates or alcohol. Vignali et al. [5] reported 36 cases of fatal methadone poisoning in a 10-year study period in Italy. Maxwell et al. [8] investigated the mortality rate among methadone treatment patients in Texas during 1994-2002. They reported 766 deaths in a methadone treatment programme during a 9-year study. Characteristics of methadone-related fatalities were investigated in Norway during a 7-year study from 2000 to 2006 showing 264 methadone intoxication deaths [9] . Evidence from Australia suggests that during a 5-year study, 206 deaths were attributed to methadone use [10] . Informal reports indicate that methadone-associated deaths and its use in poly drug abusers are growing in Iran. Yet, there are few reports from Iran about methadone poisoning in clinical and forensic cases [7, 11] . As we have observed a notable rise in methadone-associated deaths in Iran over the last few years, we designed this study in favour of information loss about forensic medicine and toxicology aspects of unnatural deaths assigned to methadone as one of the underlying contributing factors to cause death.
To define the characteristics and trend of methadone-associated deaths in the Tehran province, Iran, a retrospective, analytical study was undertaken to investigate deaths associated to methadone with special focus on forensic toxicology analysis results in cases referred to Legal Medicine Organization, the Tehran province, in the 7-year study period (2009) (2010) (2011) (2012) (2013) (2014) (2015) .
Methods
Source of data. A cross-sectional analytical study was designed to identify the trend of methadone-associated deaths. The study draws on death certificate records of Legal Medicine Organization, Tehran, Iran, from 1 January 2009 through 31 December 2015. The Legal Medicine Research Center Review Board approved data gathering to perform this study. All methadone-associated deaths that had been confirmed through toxicology reports were included in this study, where methadone poisoning was the cause of death or was simply present. When methadone was detected in post-mortem samples, a forensic medicine specialist determined its role in inducing death with some considerations including history of drug use or abuse, death scene investigation, autopsy findings, presence of other drugs and poisons in post-mortem samples and forensic pathology laboratory results. The suspicious deaths such as drug-associated deaths under the supervision of forensic medicine specialists for issuing a death certificate.
Biological samples. During medicolegal autopsy, post-mortem specimens such as liver, urine, femoral vein blood, bile, vitreous humour and stomach content were collected and referred to be analysed in a forensic toxicology laboratory.
Analytical methods.
Preparation of biological specimens. All post-mortem samples were screened for opioid alkaloids, amphetamine-type stimulants (ATS), ethanol, methanol, cyanide, organophosphates, organochlorines, carbamates, carboxyhemoglobin and phosphine gas by pre-validated forensic toxicological methods [12] [13] [14] . Liver samples were homogenized using Heidolph homogenizer, DIAX 900. In order to detect drugs and poisons, pre-treatment steps of biological samples were performed to extract drugs and poisons from biological matrices efficiently. Liquid-liquid extraction (LLE) and dispersive liquid-liquid microextraction (DLLME) in different pH (acidic, basic and neutral) were used to extract drugs and poisons from biological matrices. Systematic toxicological analysis (STA) was carried out to detect organic drugs and poisons by thin-layer chromatography (TLC) as screening and highperformance liquid chromatography (HPLC) and gas chromatography/ mass spectrometry (GC/MS) as confirmatory instrumentations. Extraction products were analysed using thin-layer chromatography (TLC) with 20 9 20 pre-coated aluminium sheets with an ultraviolet fluorescent indicator (ALUGRAM â Xtra SIL UV254 MACHEREY-NAGEL Gmbh, Düren, Germany). HPLC was performed using an Eurospher II 100-5 C18 column of 250 mm 9 4.6 mm at 5 lm particle size and 100 A pore size with a diode array detector and a Smartline 1000, Knauer pump (Knauer, Berlin, Germany). An Agilent 7890 A gas chromatograph with Agilent 5975 C mass selective detector operated by electron impact (70 ev) in full scan mode (50-550 m/z) with a HP5-MS capillary column (cross-linked 5% methyl phenyl silicone, 30 m length 9 0.25 mm ID 9 0.25 lm film thickness) fitted with split/splitless injector was used (Agilent Technologies, Sdn Bhd, Selangor, Malaysia). NIST, Wiley and MPW 2011 libraries were used to confirm the presence of drugs and poisons in the biological samples.
The analytical protocol was pre-validated to detect methamphetamine in biological matrices using heptafluorobutyric acid (HFBA) as derivatization reagent and GC/MS instrumentation [12] .
Headspace gas chromatograph 6890 N (Agilent Technologies Inc.) and flame ionization detector (FID) were used for quantitative analysis of ethanol and methanol in blood and vitreous humour samples [15] . Qualitative analyses of stomach content and liver samples were carried out to detect phosphine gas using headspace gas chromatography equipped with nitrogen phosphorous detector (HSGC/NPD) [13] .
Blood carboxyhaemoglobin level was analysed using Cecil 9000 spectrophotometer.
Statistics. Statistical analysis was performed with SPSS software (Chicago, IL, USA) by chi-square, Kolmogorov-Smirnov and MannWhitney U-tests. Mean AE S.D. was used for continuous variables. Categorical variables are shown in percentage (%) and frequency. p Values <0.05 were considered significant.
Results

Demographic characteristics.
Results showed that there were 1274 methadone-involved deaths over the 7-year study period (January 2009-December 2015). The incidence rates of methadone-associated deaths per one million of the Tehran population were 3.93 in 2009 and 30.42 in 2015, respectively. Therefore, a 7.7 times increase in methadone-associated death rate was observed to be significant (p < 0.05) during the 7-year study period. In other words, the percentage of referred cases for toxicology analysis with methadone-positive results increased significantly (8.6 times) with p < 0.05 in 2015 in comparison with 2009. Fig. 1 shows the number and rate of methadone-associated deaths per one million of the Tehran population in male and female individuals, as per cent of total number of autopsized cases and also per cent of the total requests for analytical toxicology screening in the 7-year study period. We should say that the Tehran population showed a decline in the population from 2009 to 2010 due to the division of the Tehran province into two provinces, Tehran and Alborz. Males significantly outnumbered females (p < 0.01). Results of Population and Housing Public Census in 2006, 2011 and 2016 for sex ratio showed that there were 102-104 men for every 100 women in the Tehran province. There was a predominance of males (1151 cases, 90.35%) with male/female ratio equal to 9.4. The mean AE S.D. age of cases was 34.82 AE 11.67. Results showed that the number of cases was significantly (p < 0.01) higher in the 21-30 and 31-40 age ranges in comparison with other age groups. Fig. 2 shows methadone-associated deaths in six age groups during the 7-year study period.
According to the Iran's Results of Population and Housing Public Census in 2006, 2011 and 2016, married cases accounted for about 60% of the Tehran population. Singles were 30% and the remaining 10% were divorced or had unknown condition. Although the ratio of singles/married was about 0.5 in the Tehran population, results of this study showed that this ratio for methadone-associated deaths was 1.25. This result highlights that the difference between single (55.6%) and married (44.4%) cases was significant (p < 0.05). Past drug history use was explored from relatives' reports of 1225 (96.2%) of cases.
Forensic toxicology analysis results.
In 262 cases (21%), methadone was the only drug detected in post-mortem samples. Poly drug use was confirmed by toxicological analysis in the remaining 1012 cases (79%). The most commonly licit and illicit drugs detected in post-mortem samples are shown in Table 1 . Methamphetamine was the most common detected substance (291 cases, 22.84%) followed by tramadol (235 cases, 18.45%). The principal cause of death of 10 cases was endosulfan (organochlorine), chlorpyrifos (organophosphate), cyanide and phosphine gas poisoning. These cases were methadone users that had been exposed to toxic agents. The number of children under the age of ten that were accidentally poisoned with methadone was twelve. Children had used methadone syrup that was packaged in mislabelled drug containers.
Discussion
The purpose of the present study was to investigate the trend and rate of methadone-associated deaths in Tehran, Iran, in a 7-year study period. According to the results of the present study, the methadone-associated death rate increased significantly during the 7-year study. This increase may be due to several factors such as increased tendency for opiate substitution therapy including methadone [16] and the rise in methadone use [17] . An other reason is the leakage of drugs from legitimate centres to drug grey/black market, drug diversion from opioid substitution treatment to non-medical use and selling or sharing the medication by the patients [18, 19] . Even though the efficacy of methadone for addiction treatment has been well-established, it is one of the regulated drugs. Manufacturing, dispensing and its use are subject to some requirements applied to schedule II controlled substances [19] . Over the study period, 1274 cases of methadone-associated deaths were reported. However, the total number of methadone-associated deaths was lower in the study of Mijatovi c et al. [20] in Serbia in a 10-year study period. Calcaterra et al. [21] investigated pharmaceutical opioid-related deaths during an 11-year study period in the United States. They showed that age-adjusted death rate rose four times from 1999 to 2009 [21] , whereas this increase in methadone-associated deaths was 7.7 times in Tehran, Iran, during 2009-2015.
Results of the present study showed that the majority of studied cases were young men with an average age of 34 years. Men outnumbered women by almost nine to one. Previous investigators confirmed the predominance of male individuals in drug-related deaths [20, [22] [23] [24] .
One of the key impacts of drug abuse is the negative health effects and even death especially in the young and working age population [20, 25] . In agreement with previous studies, methadone-associated deaths occurred mostly in men aged 20-40 years [20] . Also, consistent with the results of the present study, individuals recruited for the effectiveness of methadone maintenance treatment programme in Iran during 2003-2004 were in the young age ranges [26] .
About 56% of studied cases were single. This finding is supported by previous studies [27] .
Past drug abuse history was observed in most of the studied cases. Mijatovi c et al. [20] also reported this problem. Also, the Madadi et al. [28] study on deaths due to opioid toxicity revealed that accidental opioid overdose deaths were more likely occurring in young cases with a history of substance abuse.
High prevalence of poly drug use in the present study is noteworthy. Poly drug use was seen among 79% of our studied cases. The most frequent detected substance was methamphetamine followed by tramadol and opium alkaloids. In Iran, methamphetamine (crystal) is produced in clandestine laboratories from impure precursors [29, 30] . During 2010-2013, more than 900 illegal methamphetamine laboratories were identified and dismantled in Iran [31] . Illegal methamphetamine can be adulterated intentionally during production, packaging or distribution processes. Petty dealers sell methamphetamine and prescription opioids to distributor networks as well as drug users [32] . Adulterated drugs can cause health-related harms and death [33, 34] . As documented by other surveys, methamphetamine has been used in patients seeking opiate cessation in Iran. There is an idea that has been going around that methamphetamine relieves methadone side effects such as depression and poor libido. It also improves attention and concentration during methadone maintenance therapy [35] . That is why methamphetamine was the most detected substance with methadone in the present study. Yet, our finding does not support those of Mijatovi c et al. [20] in Serbia. Results of their study showed that all post-mortem specimens obtained from methadone-related death cases were negative for methamphetamine and cocaine [20] .
There is increasing recognition of the importance of increased cardiovascular disease and the presence of arrhythmias in sudden deaths due to methadone use [36] . Methadone affects the electrical conductivity of the heart muscle specifically shown as prolongation of QT interval [37, 38] . This phenomenon can cause sudden cardiac death [38] . Methamphetamine was detected in 291 (22.84%) of cases, and also, cocaine was detected in post-mortem samples of one case confirmed by GC/MS instrumentation. Previous studies showed that methamphetamine has cardiotoxic effects such as myocardial fibre hypertrophy, perivascular fibrosis and acute myocardial infarction [39] . It may be suggested that the cause of death of many cases in the current study was the cardiotoxic effect of methadone ameliorated by concomitant use of methamphetamine. Non-medical use of pharmaceutical drugs is a significant problem in many countries and Iran [18, 27] . Replacement of illicit drugs with psychoactive prescription drugs (methadone, tramadol and buprenorphine) has led to greater demand for addiction treatment and also death [18, 40] . Methadone, tramadol, opioid alkaloids, methamphetamine and benzodiazepines were detected in the majority of cases in poly substance use pattern in the present study. Many of the findings presented herein are consistent with previous research results [41] . Nielsen et al. [41] , in their study on poly drug use in methadone-related fatalities, indicated that fatal poisoning in drug addicts is often related to methadone. Methadone can cause respiratory depression and death. Drug-drug interactions during concomitant use of CNS depressant drugs (alcohol, opioid alkaloids, benzodiazepines, etc.) intensify the potential for fatal methadone toxicity. An other reason for inducing death after poly drug use of methadone with other sedative/hypnotics is reduced tolerance due to drug-free period, that is a gradual process which happens within days to weeks [41] . The problem arises when drug users use prescription opioids and adulterated street drugs with unknown purity as an attempt to produce euphoria in the initial abstinence phase of treatment [22, 33, 34] . Several other scholars, in contrast, did focus on the role of other drugs in methadone-related fatalities. Diazepam was detected in about 55% of methadone-related deaths in a 10-year study period in Serbia [20] . Benzodiazepines were the most prevalent drugs detected in poly drug use in methadone fatality cases in the study of Nielsen et al. [41] . Only 69 cases (5.4%) had shown positive results for ethanol in the present study. This rate is low in comparison with poly drug userelated deaths in previous studies [41] due to religious beliefs in Islamic countries such as Iran.
The cause of death of 10 cases in the present study was suicidal death with toxic agents. Our findings provide more evidence for the other studies, in that there is a strong association between drug abuse and suicidal ideation [27, 42] .
Methadone dosage form (tablet or syrup) can be one of the attributing factors for mortality due to accidental poisoning. In Iran, methadone syrup has a taste and odour like other drugs in syrup form and could be mistaken by other drugs such as cough medications [43] . According to the relatives' reports, all of the children in the present study had taken their parents' drugs that were in syrup form. It can be concluded that dispensing methadone syrup in containers that are not child-resistant increases the risk of accidental poisoning in children.
Limitations
One of the most important limitations of the present study was that we were unable to detect methadone quantitatively due to so many requests for systematic toxicological analysis of post-mortem samples. However, the methods for the quantitative analysis of many drugs such as methadone have been validated in our laboratory.
Conclusions
The study presented provides valuable information about the high rate of methadone-associated deaths in a poly substance user population in Iran. Results add the fundamental knowledge of public health problem associated with illegitimate use of controlled drugs especially with other medications and illicit substances.
